abstract: Uterine leiomyomas (ULs) are benign monoclonal tumors originating from myometrial tissue in the uterus. Genetic pathways that lead to myometrial transformation into leiomyomas are largely unknown. Approximately 40% of ULs are karyotypically abnormal by Gbanding; however, the remaining 60% of leiomyomas do not contain cytogenetically visible genomic rearrangements. Recent technological advances such as array based comparative genomic hybridization (array CGH) and dense single nucleotide polymorphism (SNP) arrays have enabled genome-wide scanning for genomic rearrangements missed by karyotype banding analysis. In the current study, we employed a high resolution SNP microarray on 16 randomly selected ULs and normal myometrium samples to detect submicroscopic (,5 Mb) chromosomal aberrations. The SNP array identified gene dosage changes in 56% of the fibroids (9/16), 25% of which (4/16) had aberrations .5 Mb, whereas 31% of which (5/16) contained only submicroscopic copy number changes (,5 Mb). We corroborated 3/5 submicroscopic changes using quantitative PCR, meaning that ultimately, 19% of our samples (3/16) were found to contain only submicroscopic changes. Novel submicroscopic aberrations on chromosomal segments 1q42.13, 11q13.1 and 13q12.13 and large, previously unreported deletions on 15q11.2-q23, 17p-q21.31 and 22q12.2-q12.3 were identified. Previously reported deletions on 1p, 3q, 7q, 13, and chromosome 14q were also noted. RHOU, MAP3K11 and WASF3 gene copy numbers were changed in the subset of leiomyomas with submicroscopic aberrations, and these genes have previously been implicated in tumorigenesis. Our findings support the hypothesis that a significant fraction of ULs without visible cytogenetic changes harbor submicroscopic genomic rearrangements which may in turn contribute to transformation of normal myometrial tissue into leiomyomas.
Introduction
Uterine leiomyomas (ULs), or fibroids, are benign monoclonal smooth muscle tumors which arise from the underlying myometrial tissue in the uterus. It has been estimated that between 25% (Buttram and Reiter, 1981) and 77% (Cramer and Patel, 1990 ) of women will develop fibroids in their reproductive lifetime, and fibroids are a leading indication for hysterectomies performed in the USA. Many causes for leiomyomas have been proposed, and it is clear that a hereditary predisposition to fibroid development exists. The genetic causes of these tumors is largely unknown, although their formation has been linked to hormone levels (Wei et al., 2007) , enzymes (Ishikawa et al., 2009) , and cytogenetically visible genomic alterations. The cytogenetic alterations that have been associated with leiomyomas are varied and include large deletions on chromosome 7q (Ishwad et al., 1997 , Xing et al., 1997 , 12q, 14q (Pandis et al., 1991) and 13q (Meloni et al., 1991) . Breakpoints in the more common cytogenetic rearrangements have exposed several candidate genes including ORC5L, LHFPL3 and PCOLCE (Ligon et al., 2002; Ptacek et al., 2007) . Genomic rearrangements observed in leiomyomas may be causative of myometrial transformation and these large genomic rearrangements may result from mitotic errors secondary to smaller genomic rearrangements. Recent results suggest that submicroscopic genomic duplications and/or deletions, also termed copy number variants (CNVs), are also a significant cause of genetic pathology. With the development of single nucleotide polymorphism (SNP)/CNV array platforms, previously undetectable genetic alterations (typically those ,3-5 Mb) can be found. We hypothesized that a substantial number of karyotypically 'normal' fibroids contained submicroscopic deletions and/or duplications. In this study we utilized a 370 K Illumina SNP/CNV array to study the full extent of CNV occurrences in a set of human ULs.
Materials and Methods

Tissue collection and genomic DNA isolation
The current study was approved by Baylor's College of Medicine Institutional Review Board. Fibroid samples were collected from 17 women who were diagnosed with ULs and underwent medically indicated abdominal hysterectomy. Patients were 34 -65 years of age (mean age ¼ 41) and were predominantly of Hispanic origin. The ULs underwent histological examination and were classified as typical leiomyomas, with low mitotic activity. All of the leiomyomas were .3 cm in size. A paired sample of adjacent normal myometrium was collected from each patient at the same time for array reference and downstream analyses. All samples were immediately frozen in a mixture of liquid nitrogen/100% ethanol and stored at 2808C until genomic DNA extraction.
Genomic DNA (gDNA) was extracted from 100 mg of leiomyomatous and matched myometrial tissue (according to Qiagen's Puregene protocol, Valencia, CA, USA). The gDNA was precipitated by centrifugation and subsequently washed with 70% ethanol. The DNA was then rehydrated overnight in DNA Hydration Solution (Qiagen, Cat # D-5004). DNA concentrations were determined on the NanoDrop instrument prior to freezing of gDNA aliquots at 2208C.
SNP array and data analysis
We utilized Illumina's (San Diego, CA, USA) 370 Duo SNP beaded array technology on the Beadstation 500GX to genotype both fibroid and myometrial gDNA. The fibroid and matched myometrial samples were run separately; however, two samples selected at random (F03 and F13) were run in both instances to serve as a control for array consistency and comparison.
The SNP array data was analyzed using BeadStudio Genotyping Module software (Illumina) for the presence of CNVs. Fibroid and myometrial sample data were pooled into a single project and all SNP's from both myometrium and fibroid gDNA were clustered together. The 'call rate' algorithm, which measures the percent of probes which successfully identified a genotype, was used as an index for the validity of identified CNVs. We excluded one sample pair which returned a call rate of ,96% (F06-F, F06-M) from the array and from any downstream analyses. To determine copy number changes between the paired fibroid and myometrium samples, we used the cnvPartition v1.0.2 analysis in BeadStudio with the confidence threshold set at 75 (default is 35). CNVs were discernable in two ways using the BeadStudio software. By mapping the log of the signal intensity (log R ratio) across a given chromosome, abnormalities could be visualized as an increase or a decrease from the baseline which was standardized to zero. Additionally, mapping the frequency of the genotyped 'B' allele versus the 'A' allele (B-allele frequency) across a given chromosome allowed the detection of regions of homozygosity. These two techniques used in concert permitted the identification of regions with high probability for true CNV changes although differentiating them from regions of copy-neutral loss of heterozygosity (i.e. diploid regions of DNA which contain long stretches of homozygosity). Figure 1 shows how two large deletions identified in this study cause changes in these two parameters.
Screening and selection of CNVs
From the results of the CNV partition, a list of probable CNVs was exported and overlapping regions were grouped together by their respective samples. CNV regions shared between fibroid and myometrial tissues were excluded from the downstream analyses, as these areas likely represent non-pathologic polymorphisms. The remaining CNVs were screened against known polymorphisms deposited in the Database of Genomic Variants online (http://projects.tcag.ca/variation). If the CNVs identified in leiomyomas were present in the Database of Genomic Variants, they were presumed to represent benign polymorphisms and were excluded from the downstream analyses. A list of novel variants specific to the leiomyomatous tissues are displayed in Table I . Out of the 17 UL-specific CNVs described in the table, we selected five CNVs which were ,500 kb in size, and five larger CNVs ranging from 14 to 50 Mb for real-time PCR analysis. All selected CNV regions were hemizygous deletions.
Real-time PCR
For each of the ten CNVs selected for testing, we chose a relevant protein coding gene lying near the center of the purported CNV and designed 100 bp amplicons to run a 5 0 nuclease real-time PCR analysis. Primers and probes were custom designed using Primer3Plus online (http:// www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Primers were purchased from Integrated DNA Technologies (San Diego, CA, Figure 1 Log R ratio and B allele frequency plots for large copy number deletions (indicated in the graphs by a depression in the black line) on chromosomes 1 and 3 in samples F13 and F01, respectively.
A decrease in intensity, measured by log R ratio, is seen coupled with a loss of heterozygosity, measured by B-allele frequency. Notice how these aberrations can affect a single area (F01, right) or multiple areas (F13, left) on a chromosome. Chromosomal centromere is depicted by the 'C'. USA) and dual labeled probes (5 0 6-FAM; 3 0 BHQ-1) were purchased from Sigma (St. Louis, MO, USA). The following primer sets selected for each CNV locus were utilized: 1q42.13, forward primer (F)
0 . Real-time PCR was conducted using 50 ng of gDNA, 0.5 mM forward and reverse primers, 0.2 mM dual labeled probe, 1Â TaqMan Fast Universal PCR Master Mix (Applied Biosystems, Austin, TX, USA) and water to a total volume of 25 ml per well. Equal gDNA concentrations of myometrial and fibroid samples were run in five replicates amplifying a segment within the reported CNV and within a control segment located in a region outside the reported CNVs. The Biorad (Richmond, CA, USA) iQ TM 5 RealTime PCR Detection System for real-time quantification was utilized with an annealing temperature of 578C for 30 s followed by denaturing at 958C for 10 s, for 40 cycles. Ct values were calculated and averaged for each replicate in the final analysis and means were used in the calculation of error.
We utilized the 2 2DDCt method to derive any significant fold changes in copy number between myometrial and fibroid tissue.
Results
We chose to compare CNVs between leiomyomas and matched myometrial tissue to investigate whether leiomyomas harbor submicroscopic genomic rearrangements. Because ULs are monoclonal, tumor heterogeneity is not a significant problem. A total of 325 genomic rearrangements were identified by the SNP array in the gDNA of 16 fibroid and 16 myometrial samples (10 per sample). Of these genomic rearrangements, 113 (35%) were excluded because they were found in both leiomyomas and surrounding myometrial tissue, and another 195 genomic rearrangements (60%) were excluded after being identified as known polymorphisms in the Database of Genomic Variants (http://projects.tcag.ca/variation). Table I lists 17 unique genomic rearrangements that were neither common polymorphisms nor present in the matched myometrial tissue. These genomic rearrangements were considered specific for the leiomyomas. The total number of novel abnormalities identified by the microarray in all samples included eight submicroscopic CNVs (,5 Mb), and nine large genomic rearrangements (.5 Mb). DNA from patient F13 alone contained seven, or 41%, of the total leiomyoma specific genomic rearrangements. Control myometrial tissue did not show any novel genomic rearrangements, which argues that leiomyomatous genomic rearrangements are unlikely to represent benign polymorphisms. We verified SNP array findings by real-time PCR analysis on a subset of genomic rearrangements. Threshold cycle (Ct) shifts were indeed seen in the exponential phase of the amplification in 7 out of 10 quantified CNVs. No significant change between tissue types was seen in the amplification of three of our CNVs; those on 7q21.12, 12q13.13 and 20q11.21 in patients F10, F07 and F05, respectively. No significant Ct shifts were detected in any of the control amplifications where we performed real-time PCR on genomic regions that did not show copy number variation. We also performed a 2 Copy number variants in uterine leiomyomas analysis (Fig. 2) , with the standard error of the mean difference given as the error bars. This is plotted along side the mean shift in intensity (log R ratio) as determined by our array, so that both microarray and qPCR data can be viewed in concert. Significant fold reduction is indicated by values lying below the shaded (diploid) region, and was seen on 1p in F13, 1q42.13 in F17, 3q25.1-26.1 in F01, 7q21.3-31.1 in F14, 11q13.1 in F12 and 15q11.2 -q23 in F13. Our SNP array identified that 9/16 (56%) of the samples contained genomic rearrangements (Table I) , two of which (F05 and F07) were not corroborated. Out of the remaining 7/16 samples, 4/16 (25%) of the samples had large genomic rearrangements that should be visible using G-banding analysis (F01, F10, F13 and F14), although three leiomyomas (F12, F15 and F17) contained only submicroscopic genomic variations, such that an additional 19% of the total was found to have genetic alterations when high resolution scanning was utilized. Among these three submicroscopic CNVs, two are predicted to cause haploinsufficiency in RHOU (1q42.13) in sample F17, and MAP3K11, SSSCA1, FAM89B, EHBP1L1, KCNK7 and PCNXL3 genes (11q13.1) in sample F12. We have corroborated the haploinsufficiency of these genes by real-time quantitative PCR (Fig. 2) . The third CNV is predicted to cause over-expression of WASF3 from a gain in 13q12.13 in sample F15. RHOU has been implicated in WNT signaling, regulation of the cytoskeleton and cell proliferation (Tao et al., 2001 ). RHOU has not been previously implicated in the etiology of leiomyomas. Little is known about the role of MAP3K11 in leiomyomatous growth, although MAP3K11 plays a significant role in solid tumor invasiveness and proliferation (Yu et al., 2008) . WASF3 is another gene that has been implicated in tumorigenesis, and regulates actin polymerization, cytoskeleton organization, and cell motility (Sossey-Alaoui et al., 2007) but has not been previously implicated in the etiology of leiomyomatous growth.
Discussion
Leiomyomas are genetically heterogeneous tumors that display cytogenetically visible deletions in 40 -50% of cases. Little is known about submicroscopic changes that may be present in the remaining 50-60% of leiomyomas which appear normal. Gene CNVs may represent biologically more relevant pathologic lesions whose impact may Regions of interest were first determined based on log R ratio shifts, where the reported copy number reductions in fibroid tissue are indicated above by a negative shift in the DLog R Ratio (fibroid 2 myometrium). 2 2DDCt values were then obtained by real-time PCR on the target regions. Values lying within the shaded region are indicative of a normal diploid copy number of 2, and those below are indicative of a copy number reduction of 1, a fold change of approximately 0.5 (1/2). Hemizygous deletions were corroborated on 1p in patient F13, 1q42.13 in patient F17, 3q25.1 -26.1 in patient F01, 7q21.3 -31.1 in patient F14, 11q13.1 in patient F12 and 15q11.2 -23 in patient F13. be underestimated. CNVs may lead to aberrant mitosis, and subsequently cause large genomic rearrangements, and aneuploidy.
In order to identify genuine submicroscopic lesions, we utilized both whole-genome SNP array and real-time quantification. It is important to note the strengths and weaknesses of these methods. The advantage of using whole genome SNP arrays rather than oligonucleotide arrays lies in their ability to detect uniparental disomy and loss of heterozygosity, although oligonucleotide arrays have also been extensively utilized to determine CNVs (Levy et al., 2000 , Nishio et al., 2004 , Toruner et al., 2007 . Although modern microarrays provide near unparalleled resolution on a genome-wide scale, even the most robust microarrays are estimated to be reliable only down to 50 Kb (Albertson and Pinkel, 2003, Coe et al., 2007) . As the fallibility of the array data increases as the window approaches the SNP array's maximum resolution, other approaches are often used in concert to corroborate the results, such as real-time PCR and fluorescent in-situ hybridization. Additionally, even high resolution arrays may tag only about 50% of the CNVs in a given sample (Cooper et al., 2008) , which suggests that the extent of CNVs in UL may be generally underestimated.
The majority of CNVs that we detected in UL were deletions rather than duplications. Our study differs from previous studies in this respect, in which duplications were more prevalent (Packenham et al., 1997; Sarlomo-Rikala et al., 1998; Levy et al., 2000) . Secondly, with the exclusion of F13 leiomyoma, we found less de novo variations per tissue sample when compared with these previous studies. This could be due either to the inherent variability of the disorder, or the stringency of our selection criteria in which we excluded CNVs which were shared in normal tissue or known to be polymorphic.
Real-time analysis of the regions identified by SNP microarray corroborated the existence of various CNVs in our fibroid samples. Macrodeletions (.5 Mb) which have been reported previously for UL were verified on 1p, 3q, 7q, 13 and 14q. We also found novel macrodeletions on chromosomes 15q11.2-q23, 17p -q21.31 and 22q12.2-q12.3 all of which were present in patient F13, indicating that this particular tissue underwent massive genetic rearrangements. Additionally, we identified novel submicroscopic deletions in 1q42.13, 11q13.1 and a novel submicroscopic duplication in 13q12.13.
The various CNVs presented in this study may contribute to the formation of ULs. Macrodeletions, which we discovered on multiple chromosomes, would have the effect of altering genetic expression patterns of thousands of genes with diverse functions that may contribute to fibroid development. In contrast, the microdeletions revealed in this study would have an effect on only a handful of genes but their implications in UL development may be as significant. RHOU (ras homolog gene family, member U, 1q42.13) encodes a GTPase of the Rho family expressed in uterus and is associated with a variety of cancers (Tao et al., 2001) . Furthermore, the RHOU gene is responsive to estradiol (Kirikoshi and Katoh, 2002) . Fluctuations in hormone levels may consequently alter the expression of RHOU in myometrium tissue and contribute to UL growth. MAP3K11 (mitogen-activated protein kinase 11, 11q13.1) and WASF3 (WAS protein family member 3, 13q12.13) are two additional genes that have been associated with metastasis, survival and cell motility (Yu et al., 2008 , Sossey-Alaoui et al., 2007 and were altered in a subset of our fibroid tissue. A variation in copy number in these regions could alter gene dosage and consequently abet alterations in downstream cellular functions.
The genetics of UL pathogeneses is complex. Leiomyomas likely arise spontaneously and genetic rearrangements therein arise independently from person to person, and from tumor to tumor. This has been suggested in studies observing the clonality of multiple ULs from single patients (Mashal et al., 1994; Zhang et al., 2006) . However, it is evident that certain genomic rearrangements, particularly those on 1p, 7q and 13q, occur with significant frequency in many studies including our own. The etiology of such genomic rearrangement is unknown. Future studies will examine genomic rearrangements in a larger population of leiomyomatous samples to determine better the prevalence of submicroscopic CNVs in ULs and to determine whether gene expression patterns in such leiomyomas differ from leiomyomas that show more extensive and cytogenetically visible genomic rearrangements. It is possible that microdeletions play an important role in the pathogenesis of leiomyomas and that a subset of the observed complex and large genomic rearrangements are the result of initial submicroscopic genomic rearrangements.
Funding
This work was supported by the National Institutes of Health [HD058125] .
